To predict the service life of polystyrene (PS) under an aggressive environment, the nondimensional expression Z was established from a data set of multiple properties of PS by principal component analysis (PCA). In this study, PS specimens were exposed to the tropical environment on Xisha Islands in China for two years. Chromatic aberration, gloss, tensile strength, elongation at break, flexural strength, and impact strength were tested to evaluate the aging behavior of PS. Based on different needs of industries, each of the multiple properties could be used to evaluate the service life of PS. However, selecting a single performance variation will inevitably hide some information about the entire aging process. Therefore, finding a comprehensive measure representing the overall aging performance of PS can be highly significant. Herein, PCA was applied to obtain a specific property (Z) which can represent all properties of PS. Z of PS degradation showed a slight decrease for the initial two months of exposure after which it increased rapidly in the next eight months. Subsequently, a slower increase of Z value was observed. From the three different stages shown as Z value increases, three stages have been identified for PS service life.
Introduction
In the last four decades, the use of polymeric materials has rapidly increased but it is well established that these materials are susceptible to rapid photodegradation when exposed to natural weathering [1] [2] [3] [4] . This is a serious issue, with economic and environmental implications. Therefore, a large effort is focused on understanding the relationship between the degradation kinetics and weathering environments [5] [6] [7] [8] . The influences of ultraviolet radiation [9] , oxygen [10] , chemical composition [11] , and degradation products [12, 13] to the aging mechanisms have been demonstrated by previous research, providing a good basis for the prediction of service lives of polymeric materials. Many laboratory accelerated weathering tests [14] [15] [16] [17] were also performed.
The ability to accurately predict the long-term performance of polymers is essential both for the polymer industry and for those industries that use those polymers on their products. There are two questions that are usually asked. First, natural environment is different from the testing environment in the accelerated studies. Temperature, rainfall, and relative humidity are very important environmental factors that can be reproduced in a laboratory environment. Natural weathering is the most reliable exposure method [18, 19] . To the best of our knowledge, little has been reported on the aging behaviors of PS in the tropical marine environment after a short time exposure, for example, <10 years. Xisha archipelago of China has a typical tropical marine climate, characterized with high temperature, high humidity, and long daylight. Second, with which property will we define the failure? For polymer, appearance variation and mechanical loss are the main concerns. But, the variation of each property is usually very different. Thus, it is meaningful to find a single parameter as the criterion for polymer failures.
In this study, degradation of PS was investigated in Xisha atmospheric corrosion site in a 2-year exposure program and the results obtained were analyzed and discussed as a function of the exposure time. To evaluate the aging behavior, the analyses on the appearance and mechanical performance of PS are often suggested. However, the trend for each property may be different and selecting a single performance change will inevitably hide some information about the entire 2 Advances in Materials Science and Engineering aging process. Therefore, finding a comprehensive measure of representing the overall aging performance of PS becomes critical.
Principal component analysis (PCA) is a multivariate statistical method that can be used to reduce data dimensionality and evaluate multivariate objectively. A number of possibly correlated variables could be transformed into a smaller number of uncorrelated variables by PCA. And the smaller number of uncorrelated variables is called principal components. It can be considered as a process for extracting hidden, simplified structures within the data in a way which best explains the variance in the data [20] . Zhao et al. evaluated the degradation behavior of EPDM upon exposure to an artificial weathering environment produced by xenon arc lamp using PCA [21] . In separate studies, the authors have used PCA to evaluate the aging behaviors of PE and PP in the natural environment of Xisha Islands [22, 23] .
To study the aging characteristics of PS, changes in appearance and physical properties were usually monitored. For example, the increase of gloss loss was used to indicate the aggravation of the aging process of PS. However, each single property can only reflect one side of the aging behavior. If the effects of all properties are considered, the evaluation might be contradictory sometimes. Such dilemma can be solved by using a PCA method which could reduce the redundancy in these properties and extract a smaller number of principal components (artificial variables). After that, a comprehensive expression can be built up by the extracted components to represent the majority of multiple original properties. Herein, the aging of PS in Xisha atmospheric environment was evaluated using a PCA method. (b) Chromatic Aberration Measurement. Chromatic aberration was measured with a spectrophotometer (GretagMacbeth COLOREYE XTH, USA). The change of color Δ was calculated by
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where Δ represents the brightness relationship between light and dark; Δ represents the relationship between green and red, and Δ represents the relationship between blue and yellow. The symbol Δ implies the difference between the samples before and after aging.
(c) Gloss Measurement. Surface gloss was measured through a portable glossmeter (XGP, China) using a 60 ∘ incidence angle.
(d) Hardness. The indentation hardness (Shore D) of the exposed side of the plate samples was determined via a pocket hardness meter (type TH210, China) according to ISO 868:2003. The average value was taken from at least five different locations.
Mechanical Properties
(a) Tensile Strength. The tensile specimens were tested according to ISO 527:2012 at room temperature (23 ∘ C) with a crosshead speed of 20 mm/min using a computer-controlled universal testing machine (type WDS, China).
can be calculated by
in which is tensile strength in MPa, is maximum load, and and are the width and thickness of sample in mm, respectively. The elongation at break ( , %) can be calculated by
where 0 and are the elongation length in mm before and after test, respectively.
(b) Flexural Strength. The exposure side of sample was pressed with the preload of 5 N and the speed of 5 mm/min using a computer-controlled universal testing machine (type WDS, China). The flexural strength ( , MPa) was obtained via
where is the compressive load in N; is the cross length in mm; and ℎ are the width and the thickness of sample in mm, respectively.
(c) Impact Strength. According to the standard ISO 179-2010, electronic impact testing machine (XJJD China) was used for impact test by 5 J pendulum at room temperature. Impact strength is calculated as follows:
in which is the impact strength in kJ/m 2 ; is the amended energy of the sample's destruction in J. and ℎ are the width and the thickness of the sample, respectively.
Evaluation Method.
The idea of PCA is to reduce dimensionality of variables. A smaller number of variables called principal components are linear combinations of original variables, which are orthogonal to each other. The number of principal components is chosen based on the variance they are responsible for. PCA was conducted by using SPSS software (version 11.5, SPSS Inc., Chicago, USA). The original variables used to characterize the degradation behavior of PS before and after exposure to natural environment are yellow index ( 1), color aberration ( 2), the change gloss ( 3), the change of impact strength ( 4), the change of tensile strength ( 5), the change of elongation at break ( 6) , and the change of flexural strength ( 7).
Results and Discussion
3.1. Appearance. In Figure 1 , the transparency of the original sample is relatively good, as the grid below the sample can be clearly seen. With extended duration of outdoor exposure, the transparency of the sample is gradually reduced and the color of sample changes to yellow after 6 months. The reason for such yellowing has been attributed to the formation of conjugated double bonds along the polystyrene backbone and also the formation of fulvene derivatives by photoisomerization of the phenyl groups in PS [24] .
The grid below sample became very fuzzy after 12 months of exposure and was basically concealed after 24 months. Macroscopic cracks cannot be observed on the surface of the sample after 24 months, indicating that aging is not serious.
The change in sample's chemical structure resulting from photoaging decreases the reflection and absorption of light, which can be quantified as the loss of gloss. As shown in Figure 2 , the gloss of the sample drops slowly from 0 to 4 months of exposure and more rapidly from 4 to 6 months. During 6 to 9 months, the gloss is relatively unchanged. After that, the gloss of the sample drops again. Based on the gloss variation, the aging process of PS can be divided into four stages including a slow changing prophase before 4 months of exposure, a rapid changing prophase from 4 to 6 months of exposure, a relatively stable anaphase from 6 to 9 months of exposure, and a slow changing prophase from 10 to 24 months.
With longer exposure, the color of sample gradually becomes darker. And this is consistent with the measurement of chromatic aberration (Figure 2 ). Chromatic aberration increases rapidly in the first 6 months, followed by a slower increase to the maximum value at 24 months. The lightinduced aging process starts from the surface of PS and chromatic aberration is a reflection of sample's surface information. Thus, a sharp change of chromatic aberration can be observed at a very early stage of the exposure. As exposure continues, the aging process gradually penetrates from the surface to the interior of the sample, leading to a decrease in the variation of chromatic aberration. This is represented by the fact that the change of chromatic aberration is slower than that of gloss in the later stage.
Unlike gloss, the aging process of PS can be divided into two steps by analyzing the result of chromatic aberration. The prophase is the rapid change step before 6 months of exposure and the metaphase is the steady change step from 7 to 24 months of exposure. Figure 3 shows that hardness remained unaffected by the harsh environment during the entire exposure time. It means that hardness cannot reflect the aging behavior of PS.
Mechanical Properties.
Mechanical testing is important for revealing the aging behavior of polymers. Tensile strength, elongation at break, bending strength, and impact strength are the main indicators of the aging resistance of PS materials.
Tension Test.
The tensile strength of samples after different exposure duration was tested by the universal testing machine. In order to show the trend of changes in tensile properties more clearly, retention rate was plotted instead of tensile strength.
In Figure 4 , the tensile strength exhibits an obvious increase (20%) during the first 2 months of exposure. Then, it decreased markedly, showing only 50% of the initial value after 6 months. The declined tensile strength for these samples could be attributed to the oxidation of the polymer by chain scissions under UV exposure. According to the variation in tensile strength, the aging process of PS can be categorized into three steps, that is, no degradation step (before 2 months of exposure), rapid changing step (from 3 to 6 months of exposure), and stable step (from 7 to 24 months of exposure).
For the values of elongation at break, the trend is the same as tensile strength. But, it decreases more rapidly. This implies that the toughness of PS sample is more sensitive to the exposure than the strength. The change of the elongation also shows that the aging process of PS has three steps.
Flexure and Impact Test.
Flexural strength and impact strength are also important properties indicating the aging behaviors of polymers. Different to the trend recorded for the tensile strength, flexural strength decreases gradually throughout the entire exposure ( Figure 5 ). This can be attributed to the increased brittleness and stiffness of PS caused by photooxidation. The aging process of PS can be divided into two steps based on the change in flexural strength, that is, a rapid changing step (before 18 months of exposure) and a steady changing step (from 18 to 24 months of exposure).
Unlike the flexural strength, the impact strength fluctuates at the first 6 months of exposure. After 6 months, it drops rapidly. Apparently, the impact strength is more sensitive to the exposure than the flexural strength. This might be attributed to the formation of deep surface cracks which causes a ductile to brittle transition of the polymer, losing its original toughness.
Similar to the result of flexural strength, the variation of tensile impact strength shows that the aging process of PS has three steps. Zero-six months of exposure is the fluctuation step; 6-12 months of exposure is the rapid changing step; 12-24 months of exposure is the stable step. 
Evaluation.
The degradation process of PS can be reflected by variations in its aesthetic properties such as chromatic aberration and gloss and mechanical properties such as tensile strength, elongation at break, flexural strength, and impact strength. Unfortunately, the degradation behavior evaluated by each individual property of PS might be different. Therefore, it is quite difficult to find a specific property to represent all others, to contain all the effective information and define the failure of PS. The idea of PCA is to reduce dimensionality of variables. A smaller number of variables called principal components are linear combinations of original variables, which are orthogonal to each other. The number of principal components is chosen based on the variance they are responsible for. In our study, the original variables used to characterize the degradation behavior of PS before and after exposure to natural environment are yellow index ( 1), color aberration ( 2), the change of gloss ( 3), the change of impact strength ( 4), the change of tensile strength ( 5), the change of elongation at break ( 6) , and the change of flexural strength ( 7) . PCA was carried out by using SPSS software (version 11.5, SPSS Inc., Chicago, USA). Hardness was not utilized and because of that it did not change obviously for the total exposure.
The results from PCA show that when the number of principal components is two, the total variance is 95.224%, which means that two principal components contain 95.224% of the total information reflected by the seven degradation parameters. The two principal components 1 and 2 can be expressed as (6) Figure 6 illustrates the loading plot of principal components. It can be seen that lines 1 and 5 are almost concurrent, suggesting that the yellow index is strongly associated with tensile strength. Line 2 is close to line 6, which also indicates that the color aberration is highly correlated with the elongation at break.
The first principal component reflects the effects of yellow index ( 1), color aberration ( 2), gloss ( 3), tensile strength ( 5) , and elongation at break ( 6), all of which are positively correlated. The second principal component reflects the effect of impact strength that is positively correlated. From the above analysis it can be inferred that principal component 1 represents comprehensive property and principal component 2 represents mechanical properties. And the principal components can define the failure of PS by customers.
PCA method was introduced to extract principal components from the aging properties by establishing a comprehensive expression. Combined evaluating parameters ( ) are the principal component of all aging properties. Variation of can be representative for the change of specimen and can predict the service lifetimes of polymers. It has been successfully used to evaluate the aging behavior of EPDM [21] , MDPE [22] , and PP [23] .
The variation of versus exposure time is presented in Figure 7 . During the first two months, the combined evaluation parameter decreases a little. It is the early stage of its service life. From three to five months of exposure, values show the most rapid growth. This is defined as the middle stage of its service life. After that, increases by a slower rate till 24 months, which marks the end of the service life of PS.
Conclusions
In this study, PS samples were exposed in natural environment on Xisha Islands for 2 years and their appearance and mechanical properties were analyzed at different exposure time. All properties showed that PS had gradually degraded but the service life of PS determined by each property may be different. Thus, PCA was used as an effective method to extract relevant information from seven different characteristic properties of PS and produce a single parameter representative of the overall aging behavior. During the twoyear exposure, the combined evaluating parameter showed slight declines in the first two months (early stage of service life), after which it increased speedily (middle stage) and subsequently slowed down (end stage). 
